In this work a numerical solution with moving mesh technique is made. Many research works both experimental and numerical on the diffuser volute interactive phenomenon have been undertaken so far. But it is found from the literature that the study on the impeller-diffuser-volute interaction as well on the performance of the turbocharger centrifugal compressor by varying the geometry of volute has not been the focus of attention in these works. Hence a numerical analysis has been carried out in this work to extensively explore impeller-diffuser-volute fluid interaction as well as to predict the flow and turbulence characteristics of the centrifugal compressor by varying the volute geometry without changing the number of impeller blades. It is found from the analysis that volute geometry presents a considerable effect on the pressure and temperature at the compressor outlet.
Introduction
With the development of environmental protection in many countries, energy-saving emissions have become the goal of engine industry. The turbocharger has an irreplaceable role in improving engine power, reducing fuel consumption and decreasing emissions. However, because of complex geometry of the turbocharger volute, it cost a lot of time and labor power to adopt experiment to gain relevant data of volute. So it becomes more economical to simulate turbocharger internal flow field and analysis data using the CFD software. Through looking up the literature of different turbocharger, the volute has been the subject of numerous numerical and experimental studies, the reason for this; is that the volute strongly affects the overall performance, stability, operating range and the location of the best efficiency point of the compressor. In addition, the radial force on the impeller is a result of the pressure non-uniformity caused by the volute. The numerical study of H. Mohtar et al [1] showed that the modification of the volute tongue location affects the compressor efficiency and pressure lines at high speed. The asymmetric influence of the volute on the flow in a transonic, high-pressure ratio centrifugal compressor at off-design conditions was investigated by X. Q. Zheng et al. [2] when the inter-passage variations in performance quantities and the influence of the volute tongue region are discussed in detail. The circumferential variations of incidence angle correlate with rotational speed, which, in combination with the higher sensitivity to incidence angle at transonic inflow conditions, seems to deteriorate stability when transonic inflow conditions are reached. A. S. Hassan [3] investigated theoretically and experimentally the effect of the volute design parameters on the centrifugal compressor range of stable operation and pressure rise coefficient, especially the theory is devoted to the effect of the area ratio on the stability, while the experience is made for understanding the effect of the gap between the diffuser and the volute casing. The study of the flow structure for different volute tongue geometries has been made by Cheng Xu et al. [4] and confirmed that the design of the volute tongue impacts the compressor operating range. The numerical and experimental analysis of different volutes, elaborated by A. Reunanen [5] showed that the change of the cross section, and the location of the volute inlet affect not only the compressor performance but even the nonuniformity of pressure and force related to it at high flow rates. H. Rezaei [6] has investigated the flow structure and loss mechanism in a centrifugal compressor volute, when the results of experience show that the non-uniform circumferential static pressure distribution was observed in all cases, and revealed that this is due to the effect of the tongue on the compressor performance. Coming in the same context, this paper will further investigate influence of three types of volute with the same vaneless diffuser and impeller they differ in their cross section geometry (circular or semi-circular), and their inlet location (symmetric or tangential). For this purpose, a CFD software FLUENT is employed considering a steady state method, for simulating the three-dimensional turbulent air flow through the full stage of a centrifugal compressor, used in turbocharger of automobile diesel engine. The flow characteristics and performance level will be predicted.
The compressor geometry modeling
The compressor geometry development is carried out on GAMBIT software, the various components of the compressor are designed individually and all are assembled fig. 2 . The blade profiles are generated with a help of coordinates that have been introduced,. The diffuser is modeled as a hollow disc, without guide vanes, the dimensions of the impeller and the diffuser are shown in the table 1. The volute is modeled by assembling a casing of various cross sections beginning from 0° and ending at 360° when a tongue is located and a conic pipe discharging in engine admission manifold. The mesh generated for each element of the compressor is shown in Fig.3 .
Numerical process
The high complexity of the flow in the centrifugal compressor volute makes the CFD modeling very difficult, only steady state flow is investigated, the governing equations implemented in a commercial CFD code Fluent are solved using the finite volume method, with the most appropriate discretization scheme (pressure based implicit solver), the fluid (air) is treated as an ideal gas, the momentum and energy equations are solved using first order scheme, the turbulent kinetic energy and dissipation rate equations are solved using the power low differencing scheme (PLDS) the coupling velocity-pressure correction is treated with SIMPLE (Semi-Implicit Pressure Linked Equation) algorithm. The under relaxation factor for the pressure is taken 0.2 it seems very conservative, a common value of 0.5 is taken for the momentum, energy, and turbulence k-model equations. The convergence criteria of 10 -4 are used for all the governing equations. The maximum number of iterations is estimated so that the mass flow rate computed for the outlet cross section become unchanged, at about 2000 iterations the convergence can be observed, but the mass flow rate become unchanged since about 1500 iterations for each case of simulation.
Results and discussions
Three different designs with the same impeller and diffuser but with different volutes (circular cross section with tangential inlet location, circular cross section with symmetrical inlet location, and semicircular cross section with tangential inlet location) are simulated at 100 000 r/min, which is the design speed of the compressor. The widths of the stable operating range of the different designs are obtained, and the performances in these operating ranges are obtained as well.
Comparison of overall performance
The pressure ratios and compressor efficiencies at 100 000 r/min for different designs are presented in Where Qcorrected (kg/s) and Q real (kg/s) are the corrected and real air mass flowrates respectively at the impeller inlet. Ttotal,inlet (K) is the total (stagnation) temperature at the impeller inlet, and Ptotal,inlet (Pa) is the total (stagnation) pressure at the impeller inlet. It should be noted that the total temperature and pressure are the same as the reference values (288.15K and 101 325 Pa); therefore the real and corrected air mass flowrates are identical for the simulations presented in this paper. From the comparison between different designs, it can be observed that the peak efficiency is achieved at an air flowrate of about 0.48 kg/s for the compressor with the circular volute with symmetrical inlet location, and about 0.45 kg/s with both the circular and semi-circular volutes with tangential inlet location. This range of mass flowrates also matches those expected at the engine inlet. The peak efficiency reaches the maximum (85 per cent) for the compressor at with the semi-circular volute with tangential inlet location. The operating range for the compressor with the semi-circular volute with tangential inlet location is wider in comparison with the two other volutes.
Flow characteristics through the full stage of compressor
In order to understand the results shown, in the following sections, the flow characteristics for different designs are analyzed. Because all the simulations presented in this paper are at the design speed of 100 000 rpm, the tangential velocities at the impeller exit are similar for all the simulations, and the radial velocity at the impeller exit is mainly dictated by the air flowrate. Therefore, at a higher air flowrate, the radial velocity is higher, as well as the velocity magnitude. With similar tangential velocities at the diffuser inlet, tangential flow is more apparent when the radial velocity is power, and higher radial velocity results in stronger radial flow. The radial component of the velocity at the vaneless diffuser outlet, generates a strong rotational flow in smaller areas of the volute, which in the form of forced vortex flow. Further downstream, fresh fluid warps around this rotational flow and as the volute area increases a counter vortex is generated. Showing the tangential velocity, it can be observed that the flow goes through acceleration and deceleration in the smaller cross section and minimum mass flowrate, diffusion decelerates the flow inside the volute and the tangential velocity decreases. This decrease is more remarked when the flow arrives inside the conic diffuser because of the larger diffusion rate in this region. In figures: 9, 10 and 11 velocity vectors in meridian planes are shown on the static pressure contours for cross section angles of 90°, 180°, 270° and 360°. The rotational velocity flow increases from zero at the centre to a higher value through the radial out. The velocity distribution at the vortex core is affected by the geometry of the volute cross section. For the volutes with tangential inlet location, a single vortex is observed, however for the volute with symmetrical inlet location a twin vortices are generated mainly in the small cross sections, while in the large cross sections, the diffusion is large as well.
Observing the static pressure contours, achieved at high flowrate , the region of high pressure is appear on the small cross section, this is due to the non-uniformity caused by the volute. This phenomenon vanish at design flowrate, this is observed for all cases (figures: 12, 13 and 14) when the uniform pressure is observed at design in the volute.
Note that the single vortex and twin vortices have moved axially further from the wall in the lowest flowrate. It can be observed that the strength of these vortices decreased downstream and the centre of the rotational flow is carried away from the hub to the shroud wall. However, it is not exactly predicting the location of these vortices.
Conclusions
In this study, three volutes (circular cross section with tangential inlet location, circular cross section with symmetrical inlet location, and semi-circular cross section with tangential inlet location) with the same impeller were investigated using the computational fluid dynamics. The high complexity of the flow in the centrifugal compressor volute makes the CFD modelling very difficult, only steady state flow is investigated, the choose of the volute geometry is made on the base that two geometrical parameters, which affect the overall performance and operating range, are studied at the same time , and which are: -the shape of cross section of the volute (comparing the circular and semi-circular cross section) -the location of the volute inlet (comparing the tangential inlet and the symmetrical inlet) From the comparison between different designs, the following conclusion can be achieved: 1-The modification of the volute cross section shape, affects the operating range more than the peak efficiency. 2-The modification of the volute inlet location impacts the peak efficiency more than the operating range. 3-Higher peak efficiency, is observed in the case of tangential inlet. 4-Wider operating range is observed in the case of modified circular case. 5-Non-uniform pressure is observed at high flowrates. Future work of the three configurations should be focused on the effect of the volute throat and tongue position on the whole compressor performance. The computational model also needs to be improved to reduce the error at high mass flowrate in order to get a better whole compressor performance prediction. In addition, the unsteady problem should be investigated.
